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Abstract: We investigate multi-color spontaneous emission from quantum-
dot-quantum-well heteronanocrystals made of onion-like 
(CdSe)ZnS/CdSe/ZnS (core)shell/shell/shell structures, with our theoretical 
results explaining experimental measurements for the first time. In such 
multi-layered heteronanocrystals, we discover that the carrier localization is 
tuned from type-1-like to type-2-like localization by controlling CdSe and 
ZnS shell thicknesses, and that 3-monolayer ZnS barriers are not necessarily 
sufficient for carrier localization, unlike in conventional (CdSe)ZnS 
(core)shell structures. We demonstrate that exciton localization in distinct 
layers of (CdSe)ZnS/CdSe/ZnS heteronanocrystals with high transition 
probability (for n=1 states in CdSe core and n=2 states in CdSe shell) is key 
to their multi-color emission.  
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1. Introduction 
 
Quantum structures are of fundamental interest to study the modification of light-material 
interactions through quantum confinement. Among the examples of such quantum confined 
structures are semiconductor nanocrystal quantum dots that exhibit size-tunable optical and 
electronic properties because of their exciton confinement [1-3]. Thanks to these adjustable 
features, nanocrystal emitters have attracted great attention for different device applications 
[4-13]. Today various core-shell nanocrystal structures (e.g., in CdSe-ZnS and CdSe-CdS 
material systems) are commonly synthesized in high-boiling organic solvents [14-16]. In 
recent years complex quantum structures that include layers of concentric shells in alternating 
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materials surrounding the core, the so-called quantum-dot-quantum-well (QDQW) systems, 
have been investigated. The first achievement in QDQW systems was obtained using CdS 
particles with an embedded layer of HgS in 1993 [17]. Afterward (CdS)CdSe/CdS and 
(ZnS)CdS/ZnS (barrier-core)well-shell/barrier-shell, and (ZnSe)CdSe (barrier-core)well-shell 
structures were successfully synthesized, and some of those QDQW systems were also 
theoretically investigated [18-22]. However, all of these early QDQW systems had the ability 
to luminescence only in mono-color. 
On the other hand, there has been a strong demand for QDQW systems that provide multi-
color light emission to cover a broader emission spectrum across the visible. Multi-color 
emission from such QDQW heteronanocrystals (hetero-NCs) is essential for their use as white 
emitting luminophors in solid state lighting applications. Such multi-color luminescence 
allows for white light generation with higher color rendering index, which is one of the 
critical requirements yet to be met for future solid state lighting. As for the state of the art, 
white light generation using mono-color emitting nanocrystals is achieved utilizing the 
collective photoluminescence contributed from the combination of different types of such 
nanocrystals or the luminescence from both the combination of these nanocrystals and the 
integrating LED base. In all of these device implementations using mono-color emitting 
nanocrystals, however, the hybrid device parameters (the type and concentration of NCs, the 
thickness and order of the NC films, etc.) are required to be engineered carefully at the device 
level to obtain white light. But, as a conceptual advance, the multi-color emitting 
heteronanocrystals facilitates convenient fabrication of white light emitting diodes with 
simple device hybridization using only a single type of heteronanocrystals to provide tuneable 
broad emission for high-quality white light generation.  
Only recently multi-color emission in the visible has been accomplished in CdSe-ZnS 
based QDQW systems to generate white light [23,24]. In these structures, around a core made 
of CdSe, a ZnS shell barrier is synthesized, and subsequently CdSe shell quantum well is 
added surrounding this ZnS barrier. Only for certain QDQW structures, emission from their 
CdSe core at the longer wavelength and from their CdSe shell at the shorter wavelength 
together contributes to the white light generation [24]. However, to date the conditions of 
multi-color spontaneous emission from a single type of such heteronanocrystals have not been 
completely understood. Furthermore, these multi-layered heteronanocrystal systems 
(including the multi-color emitting (CdSe-core)ZnS-shell/CdSe-shell heteronanocrystals) have 
not been theoretically investigated till date. There are still fundamental questions left 
unanswered for such multi-color emitting QDQW systems: For instance, why can the multi-
color emission not be observed for specific shell thicknesses of these heteronanocrystals; what 
are the necessary conditions for multi-color emission from such heteronanocrystals; how do 
their ZnS and CdSe shell thicknesses affect the carrier localization and the corresponding 
energy states; how do the relative two peaks of the emission spectrum change with respect to 
each other; and are the electron and hole wavefunctions at n=1 and n=2 localized or 
delocalized in these heteronanocrystals?  
In this paper, to seek answers for these fundamental questions, we investigate multi-color 
spontaneous emission from quantum-dot-quantum-well heteronanocrystals in CdSe-ZnS 
material system. For this purpose, we quantum mechanically analyze multi-layered 
heteronanocrystals made in the generic form of onion-like (CdSe)ZnS/CdSe/ZnS 
(core)shell/shell/shell structures, as schematically shown in Fig. 1. Using our quantum 
mechanical analysis as a tool, we investigate their electronic properties (wavefunctions and 
excitons) and the resulting optical properties (photoluminescence peak and relative oscillation 
strength). We further identify the conditions of multi-color spontaneous emission from a 
single multi-layered heteronanocrystal in CdSe-ZnS material system, with our theoretical 
results explaining experimental measurements for the first time. For (CdSe)ZnS/CdSe/ZnS 
heteronanocrystals, we demonstrate that the distinct spatial localization of excitons in their 
separate layers (in their CdSe core and CdSe shell) is key to their multi-color luminescence, 
which is of fundamental importance to generate white light from a single heteronanocrystal. 
Additionally, although CdSe-ZnS interface is well known to lead to only type-1 band 
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alignment, we find out that the carrier localization is surprisingly tuned from type-1-like 
localization (with both electron and hole primarily residing in the same layer of the 
heterostructure) to type-2-like localization (with electron and hole primarily residing in 
different layers of the heterostructure) by controlling the combination of CdSe and ZnS shell 
thicknesses. Furthermore, in spite of the well-known fact that a 3-monolayer ZnS shell barrier 
is sufficient for full carrier confinement in conventional (CdSe)ZnS (core)shell structures, we 
discover that the carriers in the CdSe core and CdSe shell in a multi-layered heteronanocrystal 
might be still coupled despite the use of 3-monolayer ZnS shells as the barrier. 
 
Fig. 1. Schematic of an onion-like (CdSe)ZnS/CdSe/ZnS heteronanocrystal structure (with 
violet regions representing CdSe and green regions representing ZnS) along with the 
corresponding radial energy diagram (not drawn to scale). 
 
2. Theoretical background 
 
Nanocrystals such as (CdSe)ZnS (core)shell quantum dots typically reveal almost spherical, 
slightly elongated shapes according to the high-resolution transmission electron microscopy 
(HRTEM) measurements [25]. In our theoretical formalism, for simplicity we consider a 
spherically symmetric heteronanocrystal structure to separate its wavefunctions into the radial 
and angular parts, as presented in Eq. (1) in spherical coordinates ( , , )r θ φ . In Eq. (1), 
( )nlR r is the radial wavefunction, ( , )lmY θ φ is the spherical harmonic, n is the principal 
quantum number, and l and m are the angular momentum numbers. Here, in the case that a 
particular eigenenergy (Enl) of the heteronanocrystal is higher than the potential in its qth layer, 
i.e., Enl>Vq, then the corresponding radial wavefunction , ( )nl qR r (the radial wavefunction in 
the qth layer) for the associated energy state Enl is a linear combination of spherical Bessel and 
Neumann functions. On the other hand, in the case of Enl<Vq, the solution , ( )nl qR r  is a linear 
combination of Hankel functions.  
For our theoretical analysis, we apply effective mass approximation, which is a widely-
used method in quantum mechanical analysis. It has been previously shown that the effective 
mass approximation works well even for few-monolayer quantum structures [26]. Thus, the 
effective mass approximation has been used for a number of spherical nanocrystal 
heterostructures [17,27-30]. Also, in our theoretical analysis as a valid approach, we solve for 
the energy levels (eigenvalues) and wavefunctions (eigenfunctions) of the CdSe-ZnS 
heteronanocrystal using effective mass approximation. The associated wavefunction solutions 
must then satisfy the continuity condition at all boundaries of the heteronanocrystal layers 
(i.e., the boundary conditions) as in Eqs. (2) and (3).  
),()(),,( φθφθψ lmnlnlm YrRr =                                             (1) 
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In our (CdSe)ZnS/CdSe/ZnS (core)shell/shell/shell hetero-NC, there are four layers and 
three boundaries, as schematically shown in Fig. 1. Because
 
( )nlR r has to be regular at r = 0 
and has to converge to zero when r → ∞ , there are six unknown coefficients for its basis 
functions, and there are six equalities coming from Eqs. 2 and 3 applied at its three 
boundaries. To find nontrivial solution, the determinant of these coefficients should be zero, 
i.e., Dl=Dl(Enl)=0. Restricting our consideration to only S-symmetry states (with zero angular 
momentum) [29,30], the wavefunction depends on the radial part Rn,l=0(r)  that makes l=0 and 
m=0, and thus the wavefunction becomes only dependent on r. By using the normalization 
condition for ( )nlR r , all the coefficients of the basis functions are then determined.  
After solving for energy levels and wavefunctions, we calculate the exciton binding 
energy due to the Coulomb interaction between the electron and hole pair using the first-order 
perturbation theory [30]. The binding energy is given in Eq. (4), where e and h subscripts refer 
to electron and hole, respectively, and ε is the high frequency dielectric constant. After 
expanding the 1/|re-rh| term in Eq. (4) in the form of spherical harmonics and integrating over 
the angular coordinates, the binding energy is written as in Eq. (5), where rε  is the mean 
dielectric constant. 
∫ ∫
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The material parameters used in our quantum mechanical analysis is summarized in Table 
1 and the corresponding potential profile is shown in Fig. 1 [15,31]. When a single monolayer 
of CdSe (or ZnS, by the same token) is added surrounding an existing spherical dot, the 
expansion of the resulting dot occurs in all three directions (x,y,z). However, 
(CdSe)ZnS/CdSe/ZnS hetero-NC is made of a wurtzite structure, in which the lattice constants 
in x and y directions are equal and the lattice constant in z direction is different from the 
others. Therefore, we calculate the mean of lattice constants in x-y plane and z direction. As a 
result, we take 1 monolayer (ML) CdSe to be 0.56 nm thick [32] and 1 ML ZnS to be 0.49 nm 
thick [33], given in Table 1. For our simulations we use a CdSe core of 2.75 nm radius and 
subsequently add alternative layers of ZnS and CdSe shells, each with changing thickness 
from 1 to 3 monolayers around this CdSe core. To find bounded solutions, we complete the 
onion-like structure with an infinitely thick ZnS barrier.  
Table 1. Material parameters for CdSe and ZnS. 
Material me* mh* Monolayer thickness (nm) Band discontinuity (eV) 
CdSe 0.13 0.45 0.56  - 
ZnS 0.28 0.49 0.49  1.75 (with respect to CdSe) 
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 3. Analysis of electronic structure in multi-layered heteronanocrystals 
 
Beginning with the analysis of 2S states in (CdSe)ZnS/CdSe/ZnS heteronanocrystals, Fig. 2 
shows the probability distribution of the electron 
2
200, |)(| reψ and the hole 2200, |)(| rhψ  
(normalized with respect to the peak for easy visual inspection) at the first excited states n=2. 
Here again note that these (CdSe)ZnS/CdSe/ZnS heteronanocrystals are analyzed with the 
thickness of their inner ZnS and CdSe shells varied from 1 ML to 3 MLs, while their CdSe 
core is kept fixed and the outmost ZnS shell is taken infinitely thick. At these n=2 energy 
states, we observe that the carrier distribution is tuned between the localization regimes of 
type-1 (with electrons and holes primarily residing in the same layer) and type-2 (with 
electrons and holes primarily residing in different layers) by changing the thickness of the 
shell layers. In the cases of 1 ML ZnS and 1 ML CdSe shells (indicated as 1-1 in our notation 
in Fig. 2), 1 ML ZnS and 2 ML CdSe shells (1-2), 1 ML ZnS and 3 ML CdSe shells (1-3), and 
2 ML ZnS and 1 ML CdSe shells (2-1), both the electron and hole mainly reside in the CdSe 
core, with their distribution maxima overlapping in the center of the core, showing type-1-like 
localization.  However, for the cases of 2 ML ZnS and 3 ML CdSe shells (2-3) and 3 ML ZnS 
and 1 ML CdSe shells (3-1), the distribution maxima of the electron and the hole are clearly 
separated, with one type of the carrier mainly residing in the CdSe core while the other 
residing mainly in the CdSe shell, showing type-2-like localization. In the cases of 2 ML ZnS 
and 2 ML CdSe shells (2-2), 3 ML ZnS and 2 ML CdSe shells (3-2), and 3 ML ZnS and 3 ML 
CdSe shells (3-3), both the electron and hole mainly reside in the CdSe shell, which shows 
type-1-like carrier localization again. Here it is worth noting that the electron and hole localize 
in the CdSe shell rather than in the CdSe core in the final type-1-like localization cases. As a 
result, by varying the thickness of ZnS and CdSe shells, we observe that it is possible to tune 
the carrier localization from type-1 to type-2 regime and from type-2 back to type-1 regime 
again. 
 
Fig 2. 2S relative probability distribution of electron 
2
200, |)(| reψ  (in blue) and hole 
2
200, |)(| rhψ  (in red) for n=2, l=0, m=0 states (with their peaks normalized to 1 for easy 
visualization) across the radial potential profile V(r) (in black) of the entire heteronanocrystal. 
On each plot, the thicknesses of the inner ZnS shell (the first shell) and the CdSe shell (the 
second shell) in monolayers (e.g., x ML ZnS and y ML CdSe) are labeled as a pair (in the 
convention of x-y) in our notation. (For instance, 1-3 indicates (CdSe)ZnS/CdSe/ZnS 
heteronanocrystal with a 1-monolayer ZnS inner shell and a 3-monolayer CdSe shell). 
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 At n=2 energy states, both the electron and hole tunnel to the CdSe shell, as shown in Fig. 
2. This situation plays a critical role in multi-color emission, as will be explained in the next 
section. Although in conventional mono-color emitting (CdSe)ZnS (core)shell NCs a 3 ML 
ZnS barrier provides sufficient isolation for carrier confinement [14], this may not be 
sufficient for full carrier localization at n=2 in (CdSe)ZnS/CdSe/ZnS heteronanocrystals. 
When ZnS thickness CdSe shell thicknesses are varied, at n=2 energy level the hole tends to 
localize mainly either in the CdSe core or in the CdSe shell layer. When ZnS barrier thickness 
is fixed to 1 ML, as the CdSe shell thickness is increased, the hole tunnels further more and 
more toward the CdSe shell, and when the CdSe shell thickness is increased to 3 MLs, the 
hole localization in the shell becomes as distinguishable as it is in the core. Similar behavior is 
also observed for 2 ML ZnS shell with increasing CdSe shell thickness. For example, in the 
case of 2 ML ZnS and 3 ML CdSe shells (2-3), the probability of the hole residing in the 
CdSe shell is higher than in the CdSe core. Similarly, when we have 3 ML ZnS and 1 ML 
CdSe shells (3-1), the hole is localized in the core, but as we increase CdSe shell thickness to 
2 MLs (3-2) and then further to 3 MLs (3-3), the probability distribution of the hole in the 
core eventually decays almost to zero and the hole localization in the CdSe shell dominates. 
Analyzing 1S states in (CdSe)ZnS/CdSe/ZnS heteronanocrystals,  we observe that both 
electron and hole are mainly localized in the core at the ground state (n=1) as shown in Fig. 3. 
One of the important characteristics of the mono-color emitting (CdSe)ZnS (core)shell NCs is 
that they confine electrons and holes in the core with strong localization, leading to high 
quantum efficiencies (up to 66%) [34]. In hetero-NCs at the ground state, ZnS makes a good 
barrier for both the electron and hole as well. Only, in the case of 1 ML ZnS and 3 ML CdSe 
shells (1-3), the electron tunnels with a relatively low probability to the CdSe shell. 
Nevertheless, we conclude that the ZnS barrier in general provides significant isolation for 
both carriers in (CdSe)ZnS/CdSe/ZnS hetero-NCs at the ground state, like (CdSe)ZnS 
(core)shell NCs. 
 
Fig. 3. 1S relative probability distribution of electron 
2
100, |)(| reψ (in blue) and hole 
2
100, |)(| rhψ  (in red) for n=1, l=0, m=0 states (with their peaks normalized to 1 for easy 
visualization) across the radial potential profile V(r) (in black) of the entire heteronanocrystal. 
On each plot, the thicknesses of the inner ZnS shell (the first shell) and the CdSe shell (the 
second shell) in monolayers (e.g., x ML ZnS and y ML CdSe) are labeled as a pair (in the 
convention of x-y) in our notation. (For instance, 1-3 indicates (CdSe)ZnS/CdSe/ZnS 
heteronanocrystal with a 1-monolayer ZnS shell and a 3-monolayer CdSe shell). 
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4. Analysis of optical properties and multi-color emission in multi-layered 
heteronanocrystals 
 
In multi-color emitting heteronanocrystals, lower-energy photons originate from the CdSe 
core and higher-energy photons from the CdSe shell. Battaglia, et al., demonstrated multi-
color emitting onion-like structures by changing ZnS and CdSe shells from 1 ML to 3 MLs 
[23]. However, some structures surprisingly did not exhibit multi-color emission, instead they 
featured only mono-color emission from CdSe core through 1S transition. To achieve multi-
color emission from such hetero-NCs, according to our simulation we find out that lower-
energy excitons should be localized in the CdSe core at n=1 states, and higher-energy excitons 
should be localized in the CdSe shell at n=2 states. In addition, the overlaps of these electron-
hole wavefunctions for the corresponding optical transitions between the associated energy 
states should be relatively high (because the optical transition probability is directly 
proportional to the electron and hole wavefunction overlap [31]). For (CdSe)ZnS/CdSe/ZnS 
heteronanocrystal, the electron-hole spatial overlaps calculated for n=1 are relatively high 
(near to 1) as summarized in Table 2 and the associated excitons are mainly localized in the 
CdSe core at n=1 as shown in Fig. 4, which is the same situation for mono-color emitting 
(CdSe)ZnS (core)shell nanocrystals.  
 
Fig. 4. The electron-hole spatial wavefunction multiplication (exciton) distribution |)()(| 00,00, rr nhne ψψ  for n=1 (in red) and n=2 (in blue), l=0, m=0 states (with their peaks 
normalized to 1 for easy visualization) across the radial potential profile V(r) (in black) of the 
entire heteronanocrystal. On each plot, the thicknesses of the inner ZnS shell (the first shell) 
and the CdSe shell (the second shell) in monolayers (e.g., x ML ZnS and y ML CdSe) are 
labeled as a pair (in the convention of x-y) in our notation. (For instance, 1-3 indicates 
(CdSe)ZnS/CdSe/ZnS heteronanocrystal with a 1-monolayer ZnS shell and a 3-monolayer 
CdSe shell). 
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Table 2. 1S electron-hole wavefunction overlaps >< )(|)( 100,100, rr he ψψ  for different numbers of monolayers of the 
ZnS shell in rows and the CdSe shell in columns at n=1 states. In parenthesis in each cell where overlap is presented, 
the thicknesses of the inner ZnS shell (the first shell) and the CdSe shell (the second shell) in monolayers (e.g., x ML 
ZnS and y ML CdSe) are indicated as a pair (in our notation of x-y.) (For instance, 1-3 represents 
(CdSe)ZnS/CdSe/ZnS heteronanocrystal with a 1-monolayer ZnS shell and a 3-monolayer of CdSe shell). 
                                     CdSe shell (ML) 
 
  ZnS shell (ML) 
1 ML 2 ML 3 ML 
1 ML 0.963  (1-1) 
0.944 
(1-2) 
0.898 
(1-3) 
2 ML 0.970 (2-1) 
0.969 
(2-2) 
0.946 
(2-3) 
3 ML 0.971 (3-1) 
       0.968 
(3-2) 
0.969 
(3-3) 
 
Table 3. 2S electron-hole wavefunction overlaps at n=2 states >< )(|)( 200,200, rr he ψψ  for different numbers of 
monolayers of the ZnS shell in rows and the CdSe shell in columns. In parenthesis in each cell where overlap is 
presented, the thicknesses of the inner ZnS shell (the first shell) and the CdSe shell (the second shell) in monolayers 
(e.g., x ML ZnS and y ML CdSe) are indicated as a pair (in our convention of x-y). (For instance, 1-3 represents 
(CdSe)ZnS/CdSe/ZnS heteronanocrystal with a 1-monolayer ZnS shell and a 3-monolayer CdSe shell.) 
                                   CdSe shell (ML) 
 
  ZnS shell (ML) 
1 ML 2 ML 3 ML 
1 ML 0.586 (1-1) 
       0.926  
(1-2) 
0.144 
(3-1) 
2 ML 0.286 (2-1) 
0.970 
(2-2) 
0.946 
(2-3) 
3 ML 0.144 (3-1) 
0.976 
(3-2) 
0.975 
(3-3) 
 
Battaglia, et al., did not obtain multi-emission specifically for the cases of 1 ML ZnS and 
1 ML CdSe shells (1-1), 1 ML ZnS and 2 ML CdSe shells (1-2), 1 ML ZnS and 3 ML CdSe 
shells (1-3), 2 ML ZnS and 1 ML CdSe shells (2-1), and 3 ML ZnS and 1 ML CdSe shells (3-
1) [23]. For all of these cases at n=2, both the electron and hole are confined in the core rather 
than in the shell, as demonstrated in Fig. 4. We consider that the excitons possibly relax from 
n=2 state to n=1 state before they recombine. Thus, the emission occurs only between 1S 
states. This situation is in agreement with the timescales of the associated processes. In this 
material system [35], the spontaneous emission lifetime is typically tens of nanoseconds 
(around 20 ns) [3] and the intersubband relaxation time is typically hundreds of femtoseconds 
(around 100 fs) [36]. Thus, relaxation to lower energy states takes place statistically before 
radiative recombination. Additionally, according to Battaglia, et al., and Sapra, et al., in 
(CdSe)ZnS/CdSe/ZnS multi-layered heteronanocrystals, there is energy transfer (with 
uncertainty whether Förster or Dexter type of energy transfer) [23,24]. However, to the best of 
our knowledge, the energy transfer timescale has not been determined for these particular 
structures to date, although some time-resolved measurements have been reported [23,24]. On 
the other hand, the cases of 2 ML ZnS and 2 ML CdSe shells (2-2), 2 ML ZnS and 3 ML 
CdSe shells (2-3), 3 ML ZnS and 2 ML CdSe shells (3-2), and 3 ML ZnS and 3 ML CdSe 
shells (3-3) exhibit radiative 2S transitions, as also Battaglia, et al., experimentally observed 
[23]. In these cases, the excitons are localized in the CdSe shell for n=2 states as demonstrated 
in Fig. 4, and the associated overlaps are relatively high (near to 1) as shown in Table 3. 
(C) 2008 OSA 17 March 2008 / Vol. 16,  No. 6 / OPTICS EXPRESS  3523
#92267 - $15.00 USD Received 30 Jan 2008; revised 27 Feb 2008; accepted 28 Feb 2008; published 3 Mar 2008
Heteronanocrystal structures achieving multi-color emission exhibit that their electrons and 
holes are mainly localized in the core for n=1 states and in the shell for n=2 states. In this case 
we consider that the intersubband transition of carriers at n=2 states, which are primarily 
localized in the shell, to n=1 states is weak due to the low probability distribution of electrons 
and holes in the shell at n=1 states. This situation facilitates spontaneous emission to take 
place between n=2 states in the shell, leading to multi-color emission. We also compare the 
overlaps for 1S and 2S transitions with the experimentally measured relative peak 
luminescences [23]. For example, the overlap in the case of 2 ML ZnS and 3 ML CdSe shells 
(2-3) is higher than the overlap in the case of 2 ML ZnS and 2 ML CdSe shells (2-2) for 2S 
transition, and the luminescence from n=2 states of (2-3) is theoretically predicted to be 
relatively higher than (2-2), as also previously experimentally shown. We observe similar 
confirmation of our theoretical predictions with the experimental measurements also for the 
cases of 3 ML ZnS and 3 ML CdSe shells (3-3) and 3 ML ZnS and 2 ML CdSe shells (3-2). 
Examining the energy levels of (CdSe)ZnS/CdSe/ZnS heteronanocrystals we observe that 
both the core and shell energy levels change when the thicknesses of the ZnS and CdSe shells 
are changed, as Battaglia, et al., also experimentally demonstrated [23]. For 1S transitions, we 
find similar levels of energy change in our theoretical work with respect to the case of mere 
CdSe core as shown in Fig. 5(a), excluding the binding energy due to the Coulomb 
interaction. For 1 ML ZnS, as the CdSe shell thickness is increased, the photoluminescence 
shifts with an increasing slope towards red. The increase of the PL peak shift for the case of 1 
ML ZnS is larger than for the cases of 2 ML ZnS and 3 ML ZnS because, in the 3 ML ZnS 
shell case, the electron and hole wavefunctions slightly leak into the CdSe shell. In 3 ML ZnS 
shell, the change in PL is almost zero because 3 ML ZnS shell is a good barrier for carrier 
confinement for n=1 states. These calculated results match the experimental results very well 
within a precision of 2-5 nm range. When we take the Coulomb interaction into account to 
investigate the change of the core CdSe emission as shown in Fig. 5(b), although the 
difference between the measured and calculated results increases to a range of 1-11 nm, we 
observe the blue shift for 3 ML ZnS, as was also observed in the experiment [23]. In the 
hetero-NC, in each case, the binding energy is smaller in magnitude than the only core case (-
95 meV), as shown in Table 4. Therefore, because of the weaker Coulomb interaction in 
hetero-NCs, the red shift due to the exciton confinement is reduced. In other words, as a result 
of the Coulomb interaction, in the hetero-NC structure, there exists a relative blue shift with 
respect to the mere CdSe core case. The binding energies between 2S transitions for different 
ZnS and CdSe shells (by taking into account the Coulomb interaction) are summarized in 
Table 5. 
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Fig. 5. Theoretical energy level shifts of (CdSe)ZnS/CdSe/ZnS heteronanocrystal for different 
thicknesses of the ZnS shell and the CdSe shell with respect to the mere core CdSe NC (a) 
without and (b) with taking the Coulomb interaction into account.  
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Table 4. Exciton binding energy due to the Coulomb interaction at n=1 states. 
                   2nd  shell CdSe (ML) 
 
1st shell, ZnS (ML) 1 ML 2 ML 3 ML 
1 ML       -90 meV 
 (1-1) 
      -82 meV 
 (1-2) 
     -63 meV 
       (1-3) 
2 ML       -94 meV 
 (2-1) 
      -92 meV 
 (2-2) 
     -85 meV 
       (2-3) 
3 ML       -94 meV 
 (3-1) 
      -93 meV 
 (3-2) 
     -91 meV 
(3-3) 
 
For 2S transition energies, we observe good agreement between our theoretically 
calculated data and the experimentally measured data in [23]. In the cases of 1 ML ZnS and 1 
ML CdSe shells (1-1), 1 ML ZnS and 2 ML CdSe shells (1-2), 1 ML ZnS and 3 ML CdSe 
shells (1-3), 2 ML ZnS and 1 ML CdSe shells (2-1), and 3 ML ZnS and 1 ML CdSe shells    
(3-1), we theoretically explained in the previous sections that these samples should not have 
luminescence for 2S. In Table 6, we present the calculated and measured optical emission 
wavelengths for 2S transitions. For example, particularly for the case of 3 ML ZnS and 3 ML 
CdSe shells (3-3), we calculate the PL wavelength to be 578 nm, whereas the experimentally 
measured PL peak is approximately at 575 nm. Also, in the cases of 2 ML ZnS and 3 ML 
CdSe shells (2-3), and 3 ML ZnS and 2 ML CdSe shells (3-2), we observe similar agreement 
between the experimental and theoretical results.  
Table 5. Exciton binding energy due to the Coulomb interaction at n=2 states.  
                    2nd  shell, CdSe (ML) 
 
1st shell, ZnS (ML) 
       1 ML        2 ML       3 ML 
1 ML       -30 meV 
        (1-1) 
     -23 meV 
       (1-2) 
    -21 meV 
      (1-3) 
2 ML       -9 meV 
        (2-1) 
     -23 meV 
       (2-2) 
    -24 meV 
      (2-3) 
3 ML        -2 meV 
        (3-1) 
     -21 meV 
       (3-2) 
    -23 meV 
      (3-3) 
 
Table 6. Comparison of our theoretical PL peaks and the experimental PL peaks for different CdSe and ZnS 
thicknesses for 2S transitions. 
1 ML 2 ML 3 ML 
 2nd  shell, CdSe (ML) 
 
 
 
 
1st shell, ZnS (ML) 
Theo. Exp.a Theo. Exp. a Theo. Exp. a 
1 ML      - (1-1) 
     - 
(1-1) 
      - 
(1-2) 
      - 
(1-2) 
      - 
(1-3) 
      - 
(1-3) 
2 ML       - (2-1) 
     - 
(2-1) 
520 nm 
(2-2) 
550 nm 
(2-2) 
576 nm 
(2-3) 
580 nm 
(2-3) 
3 ML       - (3-1) 
- 
(3-1) 
520 nm 
(3-2) 
535 nm 
(3-2) 
578 nm 
(3-3) 
575 nm 
(3-3) 
a
 Reference [23]. 
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We further investigate the possibility of triple-color emission from multi-layered hetero-
NCs based on CdSe-ZnS material system. According to our theoretical investigations given 
any possible combination of shell thickness, we do not observe any case that confines excitons 
for n=1 state in the core, for n=2 state in the first CdSe shell, and for n=3 state in the second 
CdSe shell, disabling potential triple-color emission. For instance, we examine a 
(CdSe)ZnS/CdSe/ZnS/CdSe/ZnS (core)shell/shell/shell/shell/shell heterostructure by adding 
ZnS shell (as the third shell) and CdSe shell (as the fourth shell) of various thicknesses 
surrounding the 3-shell hetero-NC with 3 ML ZnS and 3 ML CdSe shells (3-3) that achieves 
dual-color emission. Even for the case of 3 ML of the third shell and 3 ML of the fourth shell, 
we do not observe triple-color emission because electrons at n=2 and n=3 states are confined 
together either in the second shell or in the fourth shell depending on the fifth shell thickness. 
Thus, this situation prevents the formation of localized excitons for n=2 and n=3 states 
separately in different layers. Therefore, according to our investigations, we do not encounter 
a case that would potentially provide triple-color emission from a 5-shell hetero-NC in CdSe-
ZnS material system. 
 
5. Conclusion 
 
In conclusion, we quantum mechanically investigated the electronic properties and the 
resulting optical properties of multi-layered (CdSe)ZnS/CdSe/ZnS (core)shell/shell/shell 
nanocrystals and verified our theoretical results with the previous experimental measurements. 
We showed that the carrier localization at the first excited state is tuned from type-1-like to 
type-2-like localization and from type-2-like to type-1-like localization back again, by varying 
the first shell (ZnS) and the second shell (CdSe) thicknesses. We revealed that ZnS barrier 
used in the first shell (even for 3 monolayers) does not necessarily fully confine electron and 
hole at n=2 state, though providing significant electron and hole isolation at n=1 state. We 
showed that the distinct spatial localization of excitons at n=1 and n=2 is key to achieve multi-
color emission, in addition to the requirement of relatively high electron-hole wavefunction 
overlaps. Furthermore, we investigated the possibility of triple-color emission from multi-
layered hetero-NCs based on CdSe-ZnS material system and we did not observe any case that 
would potentially achieve triple-color emission. 
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